We report the results of research for the Pd/Ge/Au ohmic contact resistivity to n-GaAs thermally treated in various gas atmospheres at low temperature. The lowest contact resistivity of about 4 · 10 −6 Ω·cm 2 was obtained with annealing under a hydrogen atmosphere. The mechanism of the ohmic contact formation upon annealing under a hydrogen atmosphere has been proposed. The achieved results can be used for development of multi-junction solar cells, power semiconductor devices, lasers, and nanowire-based structures sensible to a high temperature treatment.
Introduction
Ohmic contact (OC) to n-GaAs is typically achieved with fabrication of multiple cladding Au/Ni/Au:Ge or Au/Ni/Au:Ge/Ni layers during a short time interval (1-3 min) . The Au/Ni/Au:Ge contact is remarkable for its low contact resistivity of 10 −6 Ω·cm 2 and high chemical stability [1, 2] . However, this contact has limited applications, mainly due to a non-homogenous redistribution of the contact alloy components in liquid eutectic phase during thermal annealing. This negatively affects the contact morphology, contact resistivity distribution over the sample surface, and reproducibility of the ohmic contact fabrication process. Au-Ge contacts are also reported to lack thermal stability at device operating temperatures [1] . As an alternative solution, Au-Si, Ti/Pt/Au, Ge-Cu 3 , and other compounds were developed, which partly solve the problems of thermal stability, surface morphology and in some cases allow to avoid use of precious metals in the contact composition [3] . Still, these solutions have a limited application in the GaAs device fabrication technology.
At the end of 20-th century, a solid-phase crystal regrowth method was developed for fabrication of contacts to n-and p-GaAs [4] [5] [6] . One of the appropriate solutions for n-GaAs contacts is Pd/Ge/Au, allowing fabrication of planar ohmic contacts with good electrophysical properties [7] . In the years following the appearance of this OC, several papers on solid-phase crystallization mechanism, optimal cladding thicknesses, and corresponding times and maximum temperatures of the thermal annealing processes were published [8, 9] . The highest quality of this OC is attributed to [9] , where resistivity as low as 10 −6 Ω·cm 2 by employing nitrogen atmosphere is reported. Meantime, few publications exist, which address the question of gas atmosphere influence on series resistivity during thermal annealing of Pd/Ge/Au OC, motivating the research reported here.
Experimental
To investigate the resistance of the studied alloy, we used 150 nm thick n-GaAs:Si structure with free electron density N D = 2·10 18 cm −3 , grown on semi-insulating GaAs substrate. Each test sample has eight contact pads, located at various distances from each other (from 5 to 100 µm, Fig. 1 ) used for the resistivity measurements. The contact pads were fabricated with UV lithography using SUSS MicroTec (Germany) MJB4 setup. In order to suppress the current spreading during the measurements, all of the test samples were subjected to H 2 SO 4 :H 2 O 2 :H 2 O 1:1:20 wet etching solution to remove the doped GaAs layer. 200 nm thick layer was removed from the area surrounding the contact pads at a distance of more than 25 µm (Fig. 1) , thus revealing the GaAs substrate.
The contact alloy deposition was performed using Boc Edwards (UK) Auto 500 setup at 5cot10 −7 mbar vacuum. Before the deposition the samples were treated with HCl:H 2 O 1:1 solution for 15 s to remove the naturally oxidized GaAs layer.
10 nm Pd and 50 nm Ge layers were deposited using carbon sources heated with electron beam, 120 nm Au was fabricated with thermal evaporation from a resistively heated molybdenum crucible. After the metal deposition the photoresist was removed with lift-off in dimethyl sulfoxide.
Part of the samples were thermally annealed in N 2 or H 2 atmosphere in Jipelec (France) Jetfirst 100 setup using 500 cm 3 /min gas flow. The other part of the samples was annealed in 1 mbar vacuum. All the test samples were annealed during the same time and temperature settings, namely 1 hour and 175
• C. The samples' surface morphology before and after the annealing was controlled using optical microscopy. According to the experimental data, the morphology did not change dramatically after annealing at 175
• C in N 2 , H 2 atmospheres or in vacuum, remaining smooth and without scratches or visible grains (Fig. 1a) . Meanwhile, higher annealing temperature (360
• C) leads to distortion of the contact surface morphology (Fig. 1b) .
FIG. 1.
Optical microscope image of the test sample surface with Pd/Ge/Au OC after annealing at H 2 atmosphere at 175
• C (a) and 360
Contact resistivity ρ c of the studied Pd/Ge/Au contacts was calculated using transmission line method [10] . It includes measurement of the resistance R T and distance L between the contact pads to draw R T (L) curves (Fig. 2) . The experimental dots were approximated with a line, which crosses R axis at doubled value of the contact resistance R c and L axis at double negative value of the current spreading width L w . The final contact resistivity value was calculated as follows:
where L c is the contact pad length. Deduced R c , L w and calculated contact resistivity ρ c values are presented in Table 1 .
Results and discussion
The lowest values for the contact resistance, current spreading width and contact resistivity (4.15·10 −6 Ω·cm 2 ) were achieved with annealing under H 2 . This value corresponds to the previously reported value of 2·10 of Pd/Ge/Au OC annealed in N 2 +H 2 atmosphere [8] . However, this result was obtained with the contacts deposited under ultra-high vacuum (5·10 −8 mbar).
Vacuum and nitrogen annealing led to about one and two orders of magnitude higher values of contact resistivity in comparison to hydrogen atmosphere, respectively.
Interpretation of the results requires further investigation of the contact region formation mechanism near the metal-semiconductor interface under different annealing conditions. We propose the following explanation for the observed discrepancy. Ge and Pd layers heating leads to formation of the solid solution. In the presence of hydrogen, the Pd layer absorbs gas molecules (this effect is especially pronounced at temperatures above 160
• C, corresponding to Pd phase transition at atmospheric pressure). The diluted hydrogen molecules dissolve in Pd into atoms. The atomic hydrogen can reduce quantity of Ga 2 O 3 formed due to surface oxidation of GaAs near the Pd contact providing crystallization of an epitaxial Ge layer from the Pd-Ge solid solution [6] on the surface of GaAs. The latter effect in turn lowers the electric barrier for the charge carriers near the contact area facilitating low contact resistance.
It is worth noting that before the annealing all of the contacts were non-ohmic. An increase of the annealing temperature to 360
• C led to one order increase of the resistance value. Series resistance increase in this case can be explained with enhanced diffusion of Au and Ge into the GaAs near the interface, so that the solidphase recrystallization is superseded by eutectic reaction resulting in formation of Au:Ge solution typical for the Au/Ni/Au:Ge contacts [7] . This process is accompanied by surface morphology distortion of the contact pads (Fig. 1b) .
Conclusion
In this report, we performed a series of experiments aimed at development of a fabrication method for low temperature Pd/Ge/Au ohmic contact to n-GaAs. The measurements have demonstrated that the fabricated contact is characterized with ohmic I-V curve, low contact resistivity value and high conductivity of the contact material after annealing. The best results were achieved with Pd/Ge/Au OC annealed in H 2 atmosphere. This contact composition is suitable for fabrication of OC to semiconductor structures and susceptible to a high temperature annealing. The results are especially promising with respect to multi-junction solar cells [11] and nanowire optical devices [12] . The low values of the Pd/Ge/Au OC series resistance allowed us to increase the efficiency of the devices employing n-GaAs due to the diminishing ohmic losses and enhanced collection of the charge carriers at the interface.
